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Metamaterial analogues of electromagnetically induced transparency (EIT) have been intensively studied and widely employed
for slow light and enhanced nonlinear effects. In particular, the active modulation of the EIT analogue and well-controlled group
delay in metamaterials have shown great prospects in optical communication networks. Previous studies have focused on the
optical control of the EIT analogue by integrating the photoactive materials into the unit cell, however, the response time is
limited by the recovery time of the excited carriers in these bulk materials. Graphene has recently emerged as an exceptional
optoelectronic material. It shows an ultrafast relaxation time on the order of picosecond and its conductivity can be tuned via
manipulating the Fermi energy. Here we integrate a monolayer graphene into metal-based terahertz (THz) metamaterials, and
realize a complete modulation in the resonance strength of the EIT analogue at the accessible Fermi energy. The physical mech-
anism lies in the active tuning the damping rate of the dark mode resonator through the recombination effect of the conductive
graphene. Note that the monolayer morphology in our work is easier to fabricate and manipulate than isolated fashion. This work
presents a novel modulation strategy of the EIT analogue in the hybrid metamaterials, and pave the way towards designing very
compact slow light devices to meet future demand of ultrafast optical signal processing.
1 Introduction
Electromagnetically-induced transparency (EIT) refers to the
formation of a narrow transparency window within a broad
absorption profile upon the application of an indirect excita-
tion and the quantum destructive interference between the two
excitation channels in a three-level atomic system.1–3 This
phenomenon is always accompanied by an extreme modifi-
cation of the dispersion properties and thus potentially useful
in many applications, such as slow light4–7 and enhanced non-
linear effects.8–10 However, realizing the conventional quan-
tum EIT requires the stable optical pumping and often cryo-
genic temperature, whose complexities severely restrict prac-
tical applications, especially with respect to on-chip integra-
tion. These barriers have been overcome by considering that
the underlying physics behind the EIT phenomenon is actually
classical, and the analogue behaviors can be reproduced using
coupled harmonic oscillators and RLC electric circuits.11,12
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This physical insight leads to the realization of the EIT ana-
logues in a series of classical optical systems, such as cou-
pled microresonators,13–15 photonic crystal waveguides,16,17
a waveguide side-coupled to resonators18,19 and metamateri-
als20–22, which are robust and free from the scathing exper-
imental requirements of quantum optics. In particular, the
metamaterial analogues of EIT through the near field coupling
between the bright and dark mode resonators, have enabled
the realization of this phenomenon at frequencies in radio-
frequency (RF),23–26 terahertz (THz),27–32 near-infrared33–36
and visible regimes38–40 through defining a correspondingly
tailored geometry for the unit cell. Due to the subwave-
length thickness, these EIT analogues with the accompanying
slow light and enhanced nonlinear effects have shown great
prospects in designing very compact devices, such as opti-
cal filters,41,42 optical buffers43,44 and ultrasensitive biosen-
sors.45–47
For practical applications, an active modulation of the EIT
analogue and consequently the well-controlled group delay
are highly desirable. To this end, an active metamaterial is
a superior candidate. Up to now, there are two main strategies
to actively modulate the EIT analogues in metamaterial de-
vices. One is to integrate the metamaterials with the photoac-
tive materials, such as Silicon (Si), and the active modulation
of EIT can be realized through the change in the damping rate
of the dark mode resonator by the increasing conductivity of
Si under optical pumping.48–51 However, the response time in
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this kind of modulation process is limited by the recovery time
of the excited carriers in Si (∼ 1 ms), which severely hinders
applications in ultrafast optoelectronics. On the other hand,
graphene, a two-dimensional (2D) material with a plethora of
exceptional electronic and photonic properties, has garnered
enormous attention.52–54 The relaxation time of the excited
carriers in the monolayer graphene is on the order of picosec-
ond, showing a promising future for ultrafast response.55–57
Moreover, the conductivity of graphene can also be contin-
uously tuned via manipulating its Fermi energy by electric
gating or photo-induced doping, which lays the direct foun-
dation for efficient real-time control of resonance in metama-
terials.58–63 Therefore, a variety of graphene metamaterials
have been proposed to realize the EIT analogues in the recent
decade.64–71 Nevertheless, the isolated graphene resonator in
the unit cell can not be expediently tuned in practice and the
ultrasmall feature size that corresponds to resonance entering
into the THz gap is also challenging in the nanoscale fabrica-
tion.
In the present work, we propose, for the first time to the best
of our knowledge, an active modulation of the EIT analogue
in THz resonant metamaterials through integrating a mono-
layer graphene into the unit cell. The simulation results show
that a complete modulation in the resonance strength of the
EIT analogue can be realized at the accessible Fermi energy of
graphene. The theoretical analysis based on the coupled har-
monic oscillator model and distributions of the electric field
and surface charge density reveal that the active modulation
is attributable to the change in the damping rate of the dark
mode resonator by the recombination effect of the conduc-
tive graphene. In addition, the well-controlled group delay
accompanying EIT is also calculated for slow light applica-
tions. The picosecond-order response time of graphene fa-
cilitates the ultrafast optical modulation, and the monolayer
morphology possesses the advantage of being easier to fabri-
cate and manipulate, showing much better efficiency and fea-
sibility than previous studies. Therefore, this work not only
demonstrate the use of graphene in the THz hybrid metama-
terials to the active modulation of the EIT analogues, but also
pave the way towards designing very compact slow light de-
vices with ultrafast response, which may play a vital role in
the future THz communications.
2 The geometric structure and numerical
model
The schematic illustration and geometric parameters of our
proposed hybrid structure are shown in Fig. 1(a) and (b). The
unit cell of Aluminum (Al)-based resonant metamaterials is
arranged in a periodical array with lattice constants of Px = 80
µm and Py = 120 µm, and composed of a cut wire (CW) and
a pair of identical but oppositely oriented split ring resonators
(SRRs) on the top of a Si substrate. The CW is L = 85 µm in
length andW = 5 µm in width; the SRRs are l = 29 µm in side
length and g = 5 µm in split gap. The coupling distance be-
tween the CW and the SRRs is set to s = 7 µm. The thickness
of both of the resonators are tAl = 200 nm and the substrate
is assumed to be semi-infinite. The optical properties of Al in
the THz regime are described by the Drude model72
εAl = ε∞−
ω2p
ω2+ iωγ
, (1)
where the plasma frequency ωp = 2.24× 10
16 rad/s and the
damping constant γ = 1.22× 1014 rad/s. The refractive index
of Si is taken as nSi = 3.42.
The monolayer graphene is placed under the SRRs and
modeled as a 2D flat sheet. The graphene conductivity can
be derived using the random-phase approximation (RPA) in
the local limit, including both the intraband and interband pro-
cesses73–75
σg = σintra +σinter =
2e2kBT
pi h¯2
i
ω + iτ−1
ln[2cosh(
EF
2kBT
)]
+
e2
4h¯
[
1
2
+
1
pi
arctan(
h¯ω− 2EF
2kBT
)
−
i
2pi
ln
(h¯ω + 2EF)
2
(h¯ω − 2EF)2+ 4(kBT )2
],
(2)
where e is the charge of an electron, kB is the Boltzmann con-
stant, T is the operation temperature, h¯ is the reduced Planck’s
constant, ω is the angular frequency of the incident light, τ is
the carrier relaxation time and EF is the Fermi energy, respec-
tively. In the lower THz regime, the optical losses originated
from the interband process is negligible due to the Pauli ex-
clusion principle and therefore graphene conductivity can be
safely reduced to the Drude-like model76–78
σg =
e2EF
pi h¯2
i
ω + iτ−1
, (3)
where the carrier relaxation time τ = (µEF)/(ev
2
F) depends
on the carrier mobility µ , the Fermi energy EF and the Fermi
velocity vF . Here we employ µ = 3000 cm
2/V · s and vF =
1.1× 106 m/s throughout the calculations, which are consis-
tent with the experimental measurements.79,80 Consequently,
the frequency dependent graphene conductivity at the selected
values of the Fermi energy are shown in Fig. 1(c) and (d).
The full-wave numerical simulations are performed using
the finite-difference time-domain method (FDTD Solutions,
Lumerical Inc., Canada). In the calculations, the moderate
mesh grid is adopted to balance the simulation time and ac-
curacy. The periodical boundary conditions are employed in
the x and y directions and perfectly matched layers are utilized
in the z direction along the propagation of the incident plane
wave.
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Fig. 1 (a) The schematic illustration of our proposed hybrid metamaterials with a normally incident plane wave. (b) The top view of the unit
cell. The geometrical parameters are L = 85 µm, W = 5 µm, l = 29 µm, g = 5 µm, s = 7 µm, Px = 80 µm and Py = 120 µm, respectively. (c)
The real part and (d) the imaginary part of the frequency dependent graphene conductivity. The Fermi energy is varied from 0.2 eV to 0.8 eV,
as shown in the insets.
3 Simulation results and discussions
In order to investigate the EIT analogue in the Al-based reso-
nant metamaterials, we simulate three sets of arrays with the
unit cell composed of a CW, a pair of SRRs and both of them,
respectively, and the corresponding transmission spectra are
shown in Fig. 2. The CW exhibits a typical localized surface
plasmon (LSP) resonance mode at 0.65 THz, which is the ba-
sic and direct response of metamaterials to the incident plane
wave and possesses a broad resonance line width caused by the
strong radiative losses. However, the SRRs that can support
an LC resonance mode with a narrow line width at the very
similar frequency (not shown) does not respond to this exci-
tation due to the reserved structural symmetry with respect to
the polarization of the incident plane wave. When both of the
CW and the SRRs are simultaneously arranged into the unit
cell, a narrow transparency window is clearly observed within
a broad absorption profile at 0.65 THz. In this configuration,
the CW that can be directly excited by the incident plane wave
acts as a bright mode resonator, and the SRRs that can not be
directly excited by this excitation act as a dark mode resonator.
The near field coupling between them leads to an indirect exci-
tation of the LC resonance mode in the SRRs and the classical
destructive interference between the LSP and LC resonance
modes give rise to an EIT analogue.
We also plot the electric field and surface charge density
distributions at the resonance frequency to further illuminate
the underlying physics behind the EIT analogue. As shown
in Fig. 3(a), before coupling with the SRRs, the CW is di-
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Fig. 2 The simulated transmission spectra of the CW, the SRRs and
the EIT metamaterials.
rectly excited by the incident plane wave with a very strong
enhancement of the electric field concentrating on the edges
and corners, and correspondingly in Fig. 4(a), a symmet-
ric distribution of the opposite charges along the CW can be
nicely observed and the net induced dipoles show a clear ten-
dency to follow the polarization of the incidence plane wave.
These distributions correspond to the LSP resonance mode in
the CW and validate its function as the bright mode resonator.
After the SRRs arranged into the unit cell, however, the strong
electric field enhancement entirely transfers to the vicinity of
the splits through the near field coupling with the CW in Fig.
3(b), and a large amount of the opposite charges accumulate
at two ends of each split, indicating obvious circulation distri-
butions of the surface charge density along SRRs and making
them as magnetic dipoles in Fig. 4(b). These are character-
istic behaviors of the LC resonance mode, which demonstrate
this dark resonance mode in the SRRs is indirectly excited by
coupling with the CW. Because the strength of the indirect ex-
citation is comparable to that of the direct excitation but with
a pi phase difference,20,81 the LSP and LC resonance modes
interfere destructively with each other, thus giving rise to the
narrow transparency window. Note that the electric field in
the CW is almost completely suppressed, which validates the
destructive interference at the transparency peak.
Next, we integrate a monolayer graphene into the unit cell
and investigate its modulation effects on the EIT analogue
in the Al-based resonant metamaterials. As shown in Fig.
5(a), in the presence of the monolayer graphene under the
SRRs, the EIT analogue undergoes a great change in the
resonance strength, leading to an on-to-off modulation with
the increasing of the Fermi energy of graphene. To quan-
titatively characterize this induced change in the resonance
strength, we introduce the reduction degree in the transmission
as ∆T = (T0−Tg)×100%, where T0 and Tg refer to transmis-
Fig. 3 The simulated electric field distributions of (a) the CW and
(b) the EIT metamaterials at 0.65 THz.
Fig. 4 The simulated surface charge density distributions of (a) the
CW and (b) the EIT metamaterials at 0.65 THz.
sions at the transparency peak of the EIT analoguewithout and
with the monolayer graphene, respectively. When the Fermi
energy starts at 0.2 eV, the transparency peak has an obvious
decline from the initial value, and the reduction degree in the
transmission is ∆T = 33%. As EF gradually increases to 0.4
eV, the transparency peak continues to fall and ∆T goes up to
63%. Then when EF comes to 0.6 eV, the transparency peak
begins to dispear and ∆T grows to as much as 78%. Finally,
with the maximum Fermi energy of 0.8 eV, the narrow trans-
parency window merges into the broad absorption profile and
only a LSP-like resonance remains with ∆T = 84%, thus ob-
taining a complete modulation in the resonance strength of the
EIT analogue. Here, we would like to highlight that graphene
used in the active modulation is in the monolayer morphol-
ogy rather than isolated fashion, which is easier to fabricate
and manipulate. Besides, the on-to-off modulation of the EIT
analogue requires only a Fermi energy of 0.8 eV, which has
already been accessed by electric gating experimentally.82–84
Therefore, the active modulation of the EIT analogue in our
proposed hybrid metamaterials shows much better efficiency
and feasibility than previous studies.
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Fig. 5 (a) The simulated transmission spectra of the hybrid
metamaterials with the increasing of the Fermi energy of graphene.
(b) The corresponding analytical fitted transmission spectra with the
increasing of the damping rate of the dark mode resonator.
In order to reveal the physicalmechanism of the active mod-
ulation of the EIT analogue, we employ the coupled harmonic
oscillator model to quantitatively describe the near field cou-
pling between the bright and dark mode resonators in our
proposed hybrid metamaterials. To mimic the quantum EIT
in a three-level atomic system, this simple model includes a
ground state |0〉 and two excited states |1〉 and |2〉. |0〉 → |1〉
defines the dipole-allowed transition, corresponding to the
LSP bright resonance mode in the CW; |0〉 → |2〉 defines the
dipole-forbidden transition, corresponding to the LC dark res-
onance mode in the SRRs. Besides, the transition between |1〉
and |2〉 corresponds to the near field coupling between the CW
and the SRRs, which therefore introduces the destructive inter-
ference between two possible excitation channels: |0〉 → |1〉
and |0〉 → |1〉 → |2〉 → |1〉, leading to the cancellation of ab-
sorption at the EIT frequency. The interference in the metama-
terials can be analytically described by the coupled differential
equations20,22
x¨1+ γ1x˙1+ω
2
0x1+κx2 = E, (4)
x¨2+ γ2x˙2+(ω0+ δ )
2x2+κx1 = 0, (5)
where x1, x2, γ1 and γ2 are the resonance amplitudes and the
damping rates of the bright and dark mode resonators, respec-
tively, ω0 is the resonance frequency of the bright mode res-
onator before coupling with the dark mode resonator, δ is the
detuning of the resonance frequency of the dark mode res-
onator from the bright mode resonator, and κ denotes the
coupling coefficient between the two resonators. After solv-
ing the coupled equations (4) and (5) with the approximation
ω−ω0 ≪ ω0, we obtain the susceptibility χ of the EIT meta-
materials66,67
χ = χr + iχi ∝
(ω−ω0− δ )+ i
γ2
2
(ω−ω0+ i
γ1
2
)(ω −ω0− δ + i
γ2
2
)− κ
2
4
. (6)
Note that the the energy dissipation is proportional to the
imaginary part χi, therefore the transmission T can be calcu-
lated through T = 1−gχi, where g is the geometric parameter
indicating the coupling strength of the bright mode resonator
with the incident electric field E .
As shown in Fig. 5(b), we present the analytical fitted trans-
mission spectra according to the coupled harmonic oscillator
model, which exhibit a very good agreement with the simula-
tion results. The corresponding fitting parameters as a func-
tion of the Fermi energy of graphene are listed in Fig. 6. In
the modulation process, γ1, δ and κ stay roughly constant
with the increasing of EF , however, the damping rate of the
dark mode resonator γ2 increases by more than two orders of
magnitude. Therefore, the theoretical model indicates that the
active modulation is attributable to the change in the damp-
ing rate of the dark mode resonator. In our proposed hybrid
metamaterials, the monolayer graphene behaves like a quasi-
metal with the increasing Fermi energy, and once placed under
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the SRRs, it connects the two ends of each split, enhance the
losses in SRRs and thus weaken the destructive interference
between the bright and dark resonance modes. With the max-
imum Fermi energy of 0.8 eV, the losses become too large to
sustain the dark resonance mode in the SRRs, which conse-
quently leads to the disappearance of the transparency peak at
the EIT frequency.
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Fig. 6 The fitting parameters γ1, γ2, δ and κ as a function of the
Fermi energy of graphene. The unit of κ is THz2.
Here we plot the electric field and surface charge density
distributions at the resonance frequency to further substanti-
ate the physical mechanism of the active modulation of the
EIT analogue. Without the monolayer graphene, the LC reso-
nance mode in the SRRs is indirectly excited by coupling with
the CW and in reverse interference destructively with the LSP
resonance mode in the CW at the EIT frequency, which re-
flects in the distributions is the transfer of the strong electric
field enhancement from the CW to the SRRs and the accu-
mulation of the opposite charges at two ends of each split, as
repeated in Fig. 7(a) and Fig. 8(a). In this configuration,
the SRRs exhibit very small damping rate. With the mono-
layer graphene placed under the SRRs, the opposite charges
are recombined and neutralized through this conductive layer,
which leads to a strong suppression of the electric field en-
hancement in the SRRs. This is demonstrated in Fig. 7(b)
and Fig. 8(b), when the Fermi energy of graphene gradually
increases to 0.4 eV, the electric field is redistributed, where
the enhancement in the SRRs significantly declines while that
in the CW obviously increases, and correspondingly, the op-
posite charges become much slighter in the SRRs and the in-
duced dipoles along the CW begin to reappear. With the max-
imum Fermi energy of 0.8 eV, the recombination effect of the
monolayer graphene can be more pronounced with the higher
conductivity. As shown in Fig. 7(c) and Fig. 8(c), the opposite
charges are almost completely neutralized, and consequently
the electric field enhancement in the SRRs is nearly eliminated
and that in the CW is fully recovered as before coupling with
the SRRs. The SRRs exhibit too large damping rate to support
the LC resonance mode, and therefore the destructive interfer-
ence between the LSP and LC resonance modes disappears.
Fig. 7 The simulated electric field distributions of the EIT
metamaterials at 0.65 THz. The corresponding Fermi energies of
graphene are (a) no Gra, (b) 0.4 eV, (c) 0.8 eV.
Fig. 8 The simulated surface charge density distributions of the EIT
metamaterials at 0.65 THz. The corresponding Fermi energies of
graphene are (a) no Gra, (b) 0.4 eV, (c) 0.8 eV.
As mentioned above, the EIT phenomenon is always ac-
companied by the extreme modification of the dispersion
properties, which leads to slow light effect. Here we intro-
duce the group delay tg to describe the slow light capability,
which is expressed as19
tg =
dψ
dω
, (7)
where ψ is the transmission phase shift. In comparison with
the conventionally used group refractive index ng, the calcu-
lation of tg does not require the effective thickness of the hy-
brid metamaterials, which is difficult to define due to the semi-
infinite substrate, andmore importantly, tg is directly related to
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Fig. 9 (a) The simulated transmission phase shift and (b) group
delay of the EIT metamaterials with the increasing of the Fermi
energy of graphene.
the practical applications of slow light devices. As shown in
Fig. 9(a) and (b), we calculate the transmission phase shift
and group delay of the hybrid metamaterials. Without the
monolayer graphene, the phase slope is positive and steepest
within the transparency window, leading to the largest group
delay of 5.72 ps, which corresponds to the group delay of a
1.72-mm distance of free space propagation. With the mono-
layer graphene placed under the SRRs, the hybrid metamateri-
als gradually loses its slow light capability with the increasing
of the Fermi energy. With the maximum Fermi energy of 0.8
eV, the group delay characteristics of EIT completely turn into
those of LSP-like resonance. The well-controlled group delay
in our proposed hybrid metamaterials is comparable to previ-
ous studies,49,50 and can be strategically important in design-
ing very compact slow light devices with ultrafast response.
4 Conclusions
To conclude, we have realized an active modulation of the EIT
analogue through integrating a monolayer graphene into the
THz resonant metamaterials. The FDTD simulation results
show that the on-to-off modulation in the resonance strength
of the EIT analogue can be completed with the maximum
Fermi energy of 0.8 eV, which has been accessed by elec-
tric gating experimentally. We employ the coupled harmonic
oscillator model to describe the near field coupling in this
hybrid metamaterials that agrees very well with the simula-
tion results, and the theoretical analysis reveals that the ac-
tive modulation is attributable to the change in the damping
rate of the dark mode resonator. The electric field and surface
charge density distributions further illuminate that the physical
mechanism lies in the recombination effect of the conductive
graphene. In addition, the well-controlled group delay is also
calculated for slow light applications. The active modulation
of the EIT analogue in our proposed hybrid metal-graphene
metamaterials opens up great possibilities for designing very
compact slow light devices that can find potential applications
in THz communication networks.
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